Objective-We undertook a linkage disequilibrium (LD)-based genetic approach to investigate the hypothesis that common sequence variants in 5 thrombosis genes influence plasma hemostatic protein levels or risk of cardiovascular disease (CVD 
P lasma levels of blood clotting and fibrinolytic proteins may represent an important intermediate phenotype for cardiovascular disease (CVD) because increased circulating levels of hemostatic proteins have been associated with CVD risk. [1] [2] [3] Both plasma levels of hemostatic proteins 4 and occurrence of CVD 5 have a substantial heritable component. Hence, it has been suggested that sequence variation in thrombosis genes may explain interindividual variability in plasma hemostatic protein levels and CVD risk. 6 Several sequence variants at the fibrinogen-␤ (FGB) and factor VII (encoded by the F7 gene) loci have been associated consistently with circulating plasma levels of their respective gene products. [7] [8] [9] Previous studies have been limited by an incomplete characterization of sequence variation at these loci. The proportion of plasma protein level variation explained by cis-acting sequence variation is unclear.
Recent advances in genomics allow the comprehensive evaluation of common sequence variation at a candidate gene locus for association with phenotype. Neighboring single nucleotide polymorphism (SNP) alleles are often highly correlated (ie, linkage disequilibrium [LD] ). 10 Genome-wide descriptions of LD structure have been reported recently, including the International Haplotype Map (HapMap) project. 11 Within regions of LD, a subset of SNPs that are nonredundant (termed "tag SNPs") may capture the majority of common variation. 12 Thus, to test the hypothesis that common sequence variants in thrombosis genes influence plasma hemostatic protein levels and risk of CVD, we sought to: (1) define the LD pattern for common SNP variants at 5 thrombosis gene loci (FGB, FGA, FGG, F7, and tissue plasminogen activator [PLAT] ) and identify a set of tag SNPs that capture underly-ing common genetic variation; and (2) examine the association of tag SNPs and haplotypes with phenotypes in a large community-based sample.
Methods

Study Participants
The Framingham Heart Study (FHS) offspring cohort was recruited in 1971 with the inclusion of 5124 participants who were offspring and spouses of the original cohort established in 1948. 13 Participants in the present study are from a subset of individuals (nϭ2933) who provided blood samples for DNA extraction during the sixth clinical examination (1995 to 1998). Participants were unrelated (ie, 1 person randomly selected from each family or biologically unrelated to any other participants), and selection was designed to include equal numbers of men and women. DNA had been collected without regard to any phenotype feature.
Using these criteria, a panel of DNA samples from 1811 unrelated participants was constructed, and these participants represent the present study sample. The institutional review board at Boston Medical Center approved the study protocols, and all participants gave written informed consent. Clinical characteristics of the study participants are presented in Table 1 .
Hemostatic Factor Levels
Fasting collection of samples for hemostatic factor levels and methods of their determination during the fifth cycle examination (1991 to 1995) have been described previously. 14 Plasma fibrinogen was determined by the Clauss method. 15 Factor VII antigen concentration was measured by ELISA (Diagnostica Stago). Values are expressed as percentage of the standard, which is 100% by definition. tPA antigen was measured by a sandwich ELISA (TintElize TPA; Biopool, AB). The intra-assay coefficients of variation were 2.6% for fibrinogen, 3.0% for factor VII antigen, and 5.5% for tPA antigen.
Assessment of Outcomes
Using prespecified criteria, 16 a panel of 3 physicians blinded to genotype status confirmed the occurrence of CVD end points after review of all available hospital records, clinic notes, and pathology reports. For suspected stroke or transient ischemic attacks, a separate review panel including an FHS neurologist adjudicated events.
CVD end points occurring through the end of examination cycle 5 (1991 to 1995) were considered. The composite CVD end point (nϭ155) was defined by the presence of coronary heart disease (recognized or unrecognized myocardial infarction [MI] , coronary insufficiency, and angina pectoris), stroke or transient ischemic attack, intermittent claudication, or congestive heart failure. More restrictive end points included coronary heart disease (nϭ114) and MI (nϭ52).
SNP Selection and Genotyping in Reference Panel
From the public National Center for Biotechnology Information dbSNP database and the SeattleSNPs variation discovery resource, we selected markers to encompass the coding region, 10 kb upstream of the transcription initiation site and 5 kb downstream of each of the 5 genes. A SNP map was constructed at each locus meeting the following criteria: (1) 1 common SNP (minor allele frequency Ն5%) approximately every 5 kb, and (2) minimum of 6 common SNPs per LD block (see below for LD block definition). Our effort to characterize LD structure was independent of the HapMap project conducted at the Broad Institute. 11 SNPs were genotyped using the Sequenom MassARRAY platform (Sequenom) 17 Haplotype blocks were selected using the "spine of LD" setting in the publicly available Haploview software package v2.03. 18 In the reference panel, haplotypes within LD blocks were estimated using the expectation maximization algorithm. The correlation, R h 2 , between these haplotypes and the haplotypes predicted using only a subset of SNPs was calculated as described previously (tagSNPs software). 19 "Tag SNPs" were defined as SNPs (within a block) that yielded an R h 2 Ͼ0.80 for all haplotypes Ն5%.
Genotyping in the FHS
A total of 41 SNPs (25 tag SNPs and 16 additional SNPs) in the 5 genes were genotyped in the FHS sample (supplemental Table I ). The 16 additional SNPs were genotyped in FHS to allow for redundancy in the event of genotype failures and to help assess for LD block structure similarity between CEPH and FHS samples. The 2 test was used to compare observed genotype frequencies with their estimates under Hardy-Weinberg equilibrium. All SNPs genotyped in FHS were in Hardy-Weinberg equilibrium (PՆ0.01).
Statistical Analysis
Multivariable regression analyses were conducted using SAS. 20 For each hemostatic factor, levels were logarithmically transformed because of skewed distributions. Sex-specific standardized residuals derived from multivariable-adjusted hemostatic factor levels served as the phenotype. Linear regression analysis was performed to test the null hypothesis that the mean level of the standardized residual did not differ by SNP genotype (3 genotype classes per SNP). To identify SNPs with the strongest contribution to overall variance, we further conducted forward stepwise selection that included all SNPs genotyped at each locus. In the individual SNP analysis, we set a 
Results
LD Structure and Haplotypes at Candidate Gene Loci in the Reference Panel
In the Figure, we present the genomic organization and LD structure defined in the reference panel for the fibrinogen gene cluster (FGB, FGA, and FGG genes, respectively) on Kathiresan et al Thrombosis Genes, Plasma Proteins, CVD Riskchromosome 4. Forty-four SNPs span a genomic region of 61.8 kb (average spacing Ϸ1 SNP every 1.4 kb) with 3 blocks of strong LD (extending 12, 13, and 17 kb, respectively). In each block, a small number (4 to 6) of common haplotypes represented Ͼ95% chromosomes. Sixteen tag SNPs predicted all haplotypes Ն5% frequency at the fibrinogen gene cluster.
There is a single block of LD at the F7 locus and a single block at the PLAT locus (supplemental Figures I and II, respectively, available online at http://atvb.ahajournals.org). In sum for all 5 gene regions, a total of 25 tag SNPs were identified and genotyped in the FHS cohort along with an additional 16 SNPs (supplemental Table I ).
The LD structure defined in the present study agreed well with that seen in the HapMap database as of March 1, 2006 (data not shown).
Haplotype Correlation Between Framingham Participants and Reference Panel
We inferred common haplotypes (frequency Ն5%) within each block in the FHS sample (Ϸ3600 chromosomes), and we assessed the correlation with haplotypes initially defined in the reference panel (96 chromosomes). The haplotype frequencies in the FHS sample were highly correlated with frequencies in the reference sample (Pearson rϭ0.92; PϽ0.0001; supplemental Figure III ). Of the 22 haplotypes Ն5% frequency in FHS, all were observed in the CEPH reference panel.
Fibrinogen Gene Cluster SNPs, Haplotypes, and Plasma Fibrinogen Level
In association analyses of each of 14 FGB SNPs with plasma fibrinogen levels in FHS participants (Table 2) , 9 of 14 FGB SNPs were associated with fibrinogen level (PϽ0.05). Minor alleles of all 9 SNPs were associated with higher fibrinogen levels. Included among these SNPs was FGB_001437, a polymorphism reported previously to be associated with circulating fibrinogen (also known in previous literature as ␤-455G/A). FGB_001437 is in strong LD (DЈϭ1) with HindIII ␤-148C/T (FGB_001744 in present study), another polymorphism related previously to fibrinogen level.
To resolve whether the 14 SNP associations reflected distinct SNP effects or multiple associations attributable to LD, we conducted stepwise analysis. In stepwise analysis, FGB_001437 was the only significant predictor of fibrinogen level (stepwise Pϭ0.026). FGB_001437 explained 1% of the residual variance in multivariable-adjusted fibrinogen level. Higher fibrinogen levels were observed in individuals harboring either 2 copies or 1 copy of the minor A allele of FGB_001437 (314Ϯ54 mg/dL, 316Ϯ56 mg/dL, and 308Ϯ59 mg/dL for the AA, AG, and GG genotypes, respectively).
In a global test for associations of mean plasma fibrinogen level with FGB haplotypes within the single 12-kb block of LD ( Figure, block 1) , mean plasma fibrinogen level differed across haplotypes (global Pϭ0.03; supplemental Table II) . Differences were also noted for individual haplotypes compared with all other haplotypes combined. Hap C and Hap G were each associated with higher fibrinogen level (individual haplotype Pϭ0.02 and Pϭ0.04, respectively; supplemental Table II), whereas Hap A was associated with lower fibrinogen level (individual haplotype Pϭ0.04). Hap C contains the minor alleles of all 9 SNPs associated with fibrinogen level (Figure) . Thus, the haplotype findings are consistent with those for individual SNPs. Phenotype was standardized residual of plasma fibrinogen level adjusted for the following covariates: age, sex, body mass index, current cigarette smoking, systolic blood pressure, diastolic blood pressure, hypertension treatment, total cholesterol, high-density lipoprotein cholesterol, triglycerides, diabetes, alcohol consumption, prevalent CVD, and, in women, menopause status and estrogen replacement therapy.
*In a stepwise selection model including all 14 FGB variants tested, only SNP FGB_001437 was significantly related to plasma fibrinogen level (Pϭ0.03); †partial R 2 for SNP FGB_001437 was 0.01; ‡alleles shown may be that from the positive or negative strand of the genome; §ϩ refers to an association with higher fibrinogen level.
Although there were haplotype-specific associations with fibrinogen level in block 1, there were no significant associations by the global test in fibrinogen gene cluster blocks 2 and 3.
F7 SNPs, Haplotypes, and Plasma Factor VII Level
In association analyses of plasma levels of factor VII with each of 8 F7 SNPs, 7 SNPs were associated with factor VII level (Table 3 ). Minor alleles of 5 SNPs were associated with lower factor VII levels, whereas the minor alleles of 2 SNPs were associated with higher factor VII level.
In stepwise selection including all 8 genetic variants, a promoter sequence variant, SNP rs1755685, explained 9% of the residual variance in multivariable-adjusted factor VII level (stepwise PϽ0.0001). SNP rs964617 explained an additional 1% of the residual variance in factor VII level (stepwise Pϭ0.003). Individuals harboring either 1 or 2 copies of the minor A allele of rs1755685 had lower factor VII level (80%Ϯ14%, 95%Ϯ16%, and 104%Ϯ16% for the AA, AC, and CC genotypes, respectively). Individuals harboring either 1 or 2 copies of the minor T allele of rs964617 had higher factor VII level (105%Ϯ17%, 104%Ϯ15%, and 99%Ϯ17% for the TT, CT, and CC genotypes, respectively). Notably, the previously studied Arg/Gln variant (SNP rs6046) was not retained in the stepwise model, although it was in LD with SNP rs1755685 (DЈϭ0.96; r 2 ϭ0.79), and it explained a similar proportion of the residual variance in individual SNP analysis.
Mean plasma factor VII levels differed across F7 gene haplotypes (global PϽ10 Ϫ6 ; supplemental Table III) . Compared with all haplotypes combined, Hap D was associated with lower levels of factor VII (Hap PϽ10 Ϫ6 ), whereas Hap B and Hap E were each associated with higher levels of factor VII (Hap PϽ10 Ϫ6 and Hap Pϭ0.008, respectively). Hap D harbors the minor allele of rs1755685 and haplotypes B and E, the minor allele of rs964617 (supplemental Figure I ).
There were no significant associations of the SNPs or haplotypes at the PLAT locus with plasma tPA level (all PϾ0.05).
Associations of Thrombosis Gene SNPs and Haplotypes with CVD Risk
In analysis of individual variants, a single SNP at the PLAT locus, rs2020918, was associated with increased risk of CVD (Table 4 ). In age-and sex-adjusted analyses, the CT and TT genotypes were associated with odds ratios (ORs) of 1.5 and 2.7 for increased risks of CVD (95% CI, 1.0 to 2.3 for CT; 95% CI, 1.6 to 4.5 for TT; general model Pϭ0.0006) compared with the referent CC genotype. *For each genotype, the No. of men and women were as follows: CC, nϭ676; CT, nϭ862; TT, nϭ216; †includes MI (both recognized and unrecognized), angina pectoris, coronary insufficiency, intermittent claudication, coronary heart disease death, transient ischemic attack, congestive heart failure, and atherothrombotic stroke; ‡analyses were adjusted for the following covariates: age, sex, hypertension, diabetes, total and high-density lipoprotein cholesterol, lipid-lowering therapy, smoking, body mass index, and triglycerides; §includes MI (both recognized and unrecognized), angina pectoris, coronary insufficiency, and coronary heart disease death; ¶includes recognized and unrecognized MI.
Analyses performed in the genotype model (3 genotype classes per SNP) with the CC genotype as the referent.
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As shown in Table 4 , presence of the TT compared with CC genotype at rs2020918 conferred a similar to greater magnitude of risk for the more restrictive phenotypes of coronary heart disease (OR, 2.6; 95% CI, 1.5 to 4.8; general model Pϭ0.004) and MI (OR, 4.0; 95% CI, 1.6 to 10.0; general model Pϭ0.006). In the multivariable-adjusted model, the magnitude of the association was modestly attenuated but remained statistically significant (Table 4) .
PLAT gene haplotypes were significantly associated with risk of CVD (global Pϭ0.0004; supplemental Table IV) . Hap B (at 28% frequency) was associated with increased risk of CVD (Hap Pϭ0.02) and Hap D (at 7% frequency) was similarly associated with an increased risk of CVD (Hap Pϭ0.0006). Conversely, Hap C and Hap F were associated with decreased risk of CVD (Hap Pϭ0.02 for each). The T allele of SNP rs2020918 distinguishes the 2 haplotypes associated with increased risk of CVD (haplotypes B and D) from all others.
There were no associations with CVD for SNPs at FGA, FGB, FGG, and F7 or of other SNPs at the PLAT locus (all PϾ0.01). Similarly, haplotypes at the fibrinogen gene cluster and F7 were not associated with CVD (global P for each block Ͼ0.05).
Discussion
Using an LD-based approach, we comprehensively surveyed common genetic variation at 5 thrombosis gene loci and assessed for associations with both circulating levels of hemostatic factors and risk of CVD outcomes in 1811 men and women. Several SNPs located in cis-regulatory sequence are associated with plasma protein levels or risk of CVD. After accounting for clinical covariates and correlation among SNPs, a single polymorphic variant at the FGB gene explains 1% of the residual variance in circulating fibrinogen level and 2 F7 gene variants explain 10% of the residual variance in factor VII level. There was no evidence for association of SNPs in FGB or F7 with CVD, but a common SNP in the PLAT gene region was associated with 2.5-fold increased risk of CVD.
Our results provide the following: (1) extend current knowledge about the role of cis-regulatory genetic variation at the fibrinogen gene cluster, F7, and PLAT loci in relation to plasma hemostatic protein levels and CVD outcomes; (2) provide strong support for the ability to use the association approach to identify variants that affect complex phenotypes; and (3) show that this approach may be particularly useful in the search for functional alleles that affect plasma protein levels.
Fibrinogen
Since an initial report in 1987, 9 several individual FGB polymorphisms have been related to plasma fibrinogen level. 8 We extend previous work by comprehensively and jointly assessing the role of common variation at the FGB locus. We identified 9 individual FGB variants that are associated with fibrinogen level. These individual SNP results confirm and extend multiple previous reports that the minor A allele of FGB_001437 (␤-455G/A 22 in previous literature) and other SNPs in LD 8 with this variant (including HindIII ␤-148C/T) are associated with higher fibrinogen level.
When all individually associated variants are considered jointly, FGB_001437 was most strongly associated with fibrinogen level, and this polymorphism explained a modest proportion (Ϸ1%) of the variance in multivariable-adjusted fibrinogen level. This suggests that a single polymorphic site at the FGB locus influences fibrinogen level. Several in vitro studies have shown that the minor allele of FGB_001437 binds less well to a putative repressor protein complex and thus is associated with increased FGB chain transcription. 23 Additional functional studies investigating each of the 9 associated variants may help clarify whether FGB_001437 is the true causal site. 24 
Factor VII
In previous reports, 5 individual F7 SNPs were reported to be related with plasma factor VII levels: 4 in the 5Ј sequence and 1 nonsynonymous coding variant. [25] [26] [27] [28] [29] The minor alleles of the coding variant R353Q (also termed Arg/Gln in the literature) and 3 others have been related to lower factor VII level, whereas the minor allele of the fifth variant has been associated with increased factor VII level. We used stepwise selection to identify the number of independent SNP effects at the F7 locus and found that there were 2 distinct SNP effects at the F7 locus: 1 variant strongly relating to lower factor VII levels and 1 variant relating to higher factor VII levels.
Tissue Plasminogen Activator
We found no association of either PLAT SNPs or PLAT haplotypes with circulating levels of tPA antigen. A recent study reported a similar absence of association with steadystate plasma tPA level. 30 In contrast, when examining a dynamic tPA phenotype, vascular release of tPA after stress, Ladenvall et al reported that carriage of the minor T allele at -7351 C/T (or rs2020918) was associated with a 50% decreased vascular release of tPA after stress. 31 These findings suggest that decreased local release of tPA, but not altered systemic levels, may increase risk of thrombotic CVD. 31 Consistent with this hypothesis, we found a 2.5-fold increased risk of CVD and a 3.1-fold increased risk of MI associated with the T allele of rs2020918. rs2020918 is located 7.2 kb upstream of the transcription initiation site, within an enhancer region. Several in vitro studies have demonstrated this region to contain a binding site for the Sp1 transcription factor. [32] [33] [34] The C to T substitution at rs2020918 has been shown reduce the affinity of Sp1 to this site, suggesting a mechanism by which rs2020918 is associated with lower tPA transcription. 31, 34 Our PLAT association results for the combined CVD end point replicate 2 previous studies in small samples of an association of rs2020918 with MI or stroke. In a populationbased nested case-control study (61 MI cases and 120 controls), individuals bearing the minor T allele had a significant 2.7-fold increased odds of MI compared with the CC genotype, a risk estimate similar to our finding. 35 Separately, in a sample of 182 cases of ischemic stroke and 301 controls, the TT genotype has been associated with increased risk of ischemic stroke (OR, 1.9; 95% CI, 1.01 to 3.6). 36 
Study Limitations
Our study has several limitations. First, our association study sample is entirely white. Our findings may not generalize to other ethnicities/races, in particular those groups such as blacks with much different LD patterns. However, a recent study suggests that the effects of gene variants may be largely consistent across different "racial" or "ethnic" groups. 37 Second, population stratification may lead to spurious associations attributable to underlying population substructure with differences in allele frequencies. 38 However, this possibility is lessened in our sample given the ethnic homogeneity.
Third, our study examined prevalent CVD at the fifth clinic examination. The apparent association between the PLAT variant and CVD may represent a survival bias if individuals with the risk T allele had a lower case fatality rate than other genotypes. Fourth, because of a limited number of individual event types, our clinical end point investigation used a composite outcome. However, our composite outcome included both MI and stroke, and these phenotypes have been associated previously with PLAT SNP rs2020918.
Fifth, the small number of CVD events may have reduced our statistical power to detect SNP-CVD associations. Sixth, we may have failed to detect SNP-biomarker associations because of insufficient statistical power. We estimate that with a sample size of 1500 unrelated individuals and a significance level 0.001, and under a conservative assumption that nongenetic factors explain 10% of trait variance, we had Ն90% power to detect a quantitative trait locus that accounted for 1.4% of trait variance.
Finally, our association results could represent falsepositive findings because of multiple hypothesis testing. 39 For the associations between FGB and F7 variants and plasma protein levels, we do not believe this to be the case because our findings replicate multiple previous publications and thus are true positive results. For the CVD association with PLAT SNP rs2020918, there is modest previous supporting literature. Using the criteria set forth by Wacholder, 39 we estimate that the false-positive probability rate is 10%. This assumes a previous probability of 1% for the PLAT gene given the established role of tPA in CVD treatment and the 2 previous reported associations.
Implications and Conclusions
Our implementation of an LD-based approach at 5 medically relevant genes comes on the heels of the recent completion of the HapMap project and offers several possible insights. First, studying LD in a reference panel is efficient and generates haplotype frequency estimates similar to those seen in the larger population, at least within a population of European descent.
Second, the strength of associations between genetic variants and circulating blood protein levels supports the general use of circulating biomarker "intermediate phenotypes" to test hypotheses regarding cis-regulatory effects. Sequence variants causally related to circulating protein levels may in turn serve as strong candidate alleles to test for association with disease.
In conclusion, several cis-regulatory sequence variants at the FGB and F7 loci are associated with circulating levels of their respective protein products, and a PLAT cis-regulatory variant increases risk of CVD. Further studies to replicate the PLAT SNP association in diverse populations are warranted.
